class switch recombination | DNA double-strand repair | nonhomologous end-joining, switch region internal deletions I g molecules are comprised of identical heavy (IgH) and light (IgL) chains. When activated via an immune response or appropriate stimulation in culture, IgM-producing B cells undergo class switch recombination (CSR) to express other IgH classes (IgG, IgE, IgA, and others). CSR changes the expressed constant-(C) region exons from Cμ to one of a set of downstream C-region exons (e.g., Cγ, Cε, Cα, among others, generically called "C H genes") via a recombination/deletion mechanism (1, 2) . CSR involves introduction of DNA double-strand breaks (DSBs) into long, repetitive switch (S) regions that lie upstream of each C H gene. Activation-induced cytidine deaminase (AID) (3) initiates the DSBs with initial AID lesions being processed into DSBs (4, 5) . AID activity is targeted via transcription to the donor S region (Sμ) upstream of Cμ and to a downstream acceptor S region (2) . CSR is completed when an Sμ DSB is joined to an acceptor S-region DSB, leading to deletion of Cμ and intervening DNA and thereby juxtaposing the downstream C H gene to an IgH variable region exon. AID activity also leads to somatic hypermutation (SHM) of S regions and variable region exons (3) .
AID activity generates multiple DSBs within a given S region (4) (5) (6) . Such DSBs might have several fates: They may be re-ligated, joined to another DSB in the same S region, or (for Sμ) joined to a DSB in a downstream S region to effect CSR (7) . Rejoining DSBs within an S region, accompanied by resection or joining two DSBs within an S region, can cause internal switch deletions (ISDs), which often are large enough to be observed via Southern blotting (1, (8) (9) (10) (11) . Large ISDs typically are assayed by activating B cells in culture to switch to a particular C H and then generating hybridomas and assaying for ISD in IgM-producing hybridomas that have not undergone bona fide CSR (11, 12) . Most such studies have found that large ISDs occur far more frequently in Sμ than in downstream target S regions (6, 12, 13) . The almost complete absence of detectable ISDs or SHMs in downstream S regions in prior studies (6, 12) led to the proposal that AID targeting in Sμ is required to promote AID targeting of downstream S regions (6) . However, it is possible that absence of downstream ISD or SHM in those studies might reflect, in part, IgM + hybridomas arising from B cells not fully activated for CSR (2, 12) .
In normal B cells, a substantial portion of CSR junctions are catalyzed by classical nonhomologous end-joining (C-NHEJ) (14) . C-NHEJ ligates DNA ends with no homologies to form "direct" joins, and ends with short (1-4 nucleotide) microhomologies (MHs) to form MH-mediated joins (15); correspondingly, both types of junctions are found in CSR joins from normal B cells (14) . During C-NHEJ, the Ku70/Ku80 complex binds DSBs and thereby serves as the DSB recognition component for this pathway (15) . The Ku70/80 complex also serves other functions including recruiting XRCC4/ DNA ligase 4 (Lig4), which catalyze C-NHEJ DSB ligation (16) . Although Ku70, Ku80, XRCC4, and Lig4 are considered core C-NHEJ factors required for all C-NHEJ repair events, other NHEJ proteins, notably DNA-PKcs and Artemis, play more limited roles that include processing a subset of DNA ends before joining (15) . All known C-NHEJ components are required for completely normal CSR joining (2, 14, (17) (18) (19) , although substantial CSR occurs in their absence.
End-joining in the absence of C-NHEJ has been observed in the context of transiently transfected, linearized plasmid substrates and for AID or I-SceI-generated chromosomal DSBs in cells deficient for Ku80, XRCC4, or Lig4 (20) (21) (22) (23) (24) (25) . In addition, XRCC4 or Lig4-deficient B cells undergo CSR at levels up to 50% those of WT B cells and, in contrast to CSR junctions in normal B cells, nearly all CSR junctions are MH-mediated (14, 19) . Therefore, in To whom correspondence should be addressed. E-mail: alt@enders.tch.harvard.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0915067107/DCSupplemental. the absence XRCC4 or Lig4, CSR is catalyzed by an end-joining mechanism that strongly prefers MHs and likely uses one of the other mammalian ligases (Ligase 1 or Ligase 3). Although such joining does not represent normal C-NHEJ, it might represent a variant of C-NHEJ that uses most C-NHEJ components and not a completely distinct pathway (15, 19) . Recently, however, we have shown that B cells that simultaneously lack Ku70 and Lig4 still undergo substantial CSR. In these cells, CSR must be catalyzed by an A-EJ pathway that is completely independent of C-NHEJ. This pathway also appears distinct from the CSR end-joining pathway observed in the absence of XRCC4 or Lig4, because it generates a distinct junctional sequence spectrum with more direct joins (19) .
Little is known about mechanisms that catalyze intra-S-region joining of AID-initiated DSBs to generate ISDs. In this context, there are notable differences between CSR and ISD. First, ISD involves rejoining of a DSB or joining of DSBs that are significantly more proximal than the DSBs involved in CSR, because the latter are separated by 100-200 kb. Second, the substrates for joining are different also. Thus, S regions are highly repetitive internally, but Sμ, although somewhat homologous to Sα and Sε, is not homologous to the various Sγ regions (26, 27) . Thus, because of the repetitiveness of S regions, more and larger homologies, on average, should be present for ISD than for CSR. Earlier studies reported complete absence of ISD in activated Ku80-deficient B cells; however, the failure to detect ISD in those studies may have reflected impaired proliferation of the Ku80-deficient B cells (12) . Thus, the potential for ISD to be catalyzed by pathways other than C-NHEJ is an open question.
The decrease of CSR in XRCC4-deficient cells results from an end-joining defect, because XRCC4-deficient B cells activated for CSR often harbor AID-initiated IgH locus chromosomal breaks (14, 28) . Moreover, AID-dependent IgH locus breaks often are joined in normal XRCC4-deficient B cells to DSBs on other chromosomes to form translocations (14, 28) . In addition, reminiscent of S-region junctions in XRCC4-or Lig4-deficient B cells, all oncogenic translocation junctions cloned from nine independent XRCC4/p53-deficient pro-B lymphomas contained junctional MH (29) . These observations suggested that alternative end-joining (A-EJ), in the absence of C-NHEJ, may be prone to promoting chromosomal translocations during CSR and general DSB repair (14, 28, 29) . However, as mentioned earlier, joining in the absence of XRCC4 may represent either a true A-EJ pathway or a C-NHEJ variant pathway. Therefore, the potential for a distinct A-EJ pathway to catalyze end-joining in translocations has not been addressed fully.
In this study, we addressed the question of whether true A-EJ can catalyze ISD and chromosomal translocations by assaying for these events in activated B cells that lack both Ku70 and Lig4.
Results
Ku/Lig4-Independent and Ku-Dependent/Lig4-Independent A-EJ Catalyze Robust ISD. To characterize A-EJ pathways further, we assayed for ISDs within the Sμ and Sγ1 regions of Ku70-deficient, Ku80-deficient, or Ku70/Lig4 double-deficient B cells that were generated in mice harboring knock-in productive IgH and IgL variable region exons to allow generation of mature B cells (referred to as "Ku70 HL" B cells, respectively) (19) . We also assayed for ISD in XRCC4-deficient and Lig4-deficient B cells that were generated by conditionally inactivating Xrcc4 (14) and Lig4 in peripheral B cells. The conditional inactivation of the Lig4 gene was accomplished as described for Xrcc4 (14) , by breeding mice carrying lox P sites flanking the single exon of the Lig4 gene with mice carrying the Cre transgene under the control of the CD21 promoter (Fig. S1 ). Deletion of the Lig4 gene and the absence of the Lig4 protein in mature B cells were verified by Southern and Western blotting (Fig. S1 ). Because most activated WT B cells undergo CSR on both IgH alleles, ISDs within the Sμ and Sγ1 regions can be observed most readily by Southern blotting assays of genomic DNA from IgM + hybridomas, generated from splenic B cells activated with anti-CD40 antibody CD40 (αCD40) plus IL-4 to stimulate CSR to IgG1 and IgE (30, 31) .
To assay for internal Sμ ISDs and distinguish them from CSR, EcoRI-digested genomic DNA was assayed for hybridization to probes that flank both sides of Sμ, and bands smaller than the germline Sμ were scored as ISD events (Fig. 1B and Figs. S2 and S3). Although this Southern blotting assay may miss small internal deletions and thereby underestimate the true extent of such events, we observed Sμ ISDs in 25-36% of WT HL IgM + hybridomas ( Fig. 1 B and C) , a frequency somewhat higher than levels previously reported (12, 13, 32) . More strikingly, we found extremely high levels of Sμ ISD in Ku70 HL hybridomas also revealed ISDs (Fig. S4) . In this context, lack of detectable ISD in earlier studies of Ku80 −/− HL B cells likely reflects the death of most Ku80 −/− B cells that attempted CSR under the activation conditions used in those experiments (12) . In contrast, our current activation protocols lead to better survival and much higher CSR levels than those of prior studies (19) and also allow us to observe ISDs readily even in the C-NHEJ-deficient backgrounds. Prior hybridoma studies found very few Sγ1 ISDs in WT HL B cells activated for CSR and none in activated Ku80
−/− HL B cells (12) . Strikingly, however, we find a substantial level of Sγ1 ISDs in WT HL B cells (11-19%) (Fig. 1C) and even greater levels in Ku70 cells (24%) (Fig. 1 B and C and Figs. S2 and S3) . Together, our findings clearly demonstrate that ISD at Sμ or Sγ1 can occur robustly in the individual or combined absence of the core components of the C-NHEJ pathway.
Internal S-Region Deletions in C-NHEJ-Deficient B Cells Occur via an A-EJ Pathway. Because of the highly repetitive nature of S-region sequences, particularly Sγ sequences that harbor large numbers of 49-bp repeats (26) , some ISD conceivably could be catalyzed by homologous recombination (HR) or single-strand annealing (SSA), as opposed to C-NHEJ or A-EJ end-joining (33, 34) . To determine the nature of the joining pathway that mediates robust ISD in the absence of C-NHEJ, we cloned several Sμ-Sμ, Sγ1-Sγ1, and Sε-Sε ISD junctions from WT HL, Ku70-, Ku70/Lig4-and Lig4-deficient primary B cells stimulated with antiCD40 plus IL-4 in vitro. We also obtained Sγ1-Sγ1and Sε-Sε ISD junctions from IgM-expressing hybridomas derived from WT HL, Lig4-deficient, and XRCC4-deficient B cells. In agreement with prior studies performed on S-region junctions of WT cells (35) , all the junctions isolated were mediated by an end-joining mechanism, with seven of nine junctions in C-NHEJ-deficient cells being MH-mediated ( Fig. 2A and Table S1 ). In addition, some of the MHs were relatively long compared with those observed in C-NHEJ-proficient B cells ( Fig. 2A ) (14) . Therefore, we conclude that A-EJ is the predominant pathway for ISD joining in C-NHEJ-deficient cells.
Ku-and Lig4-Independent A-EJ Catalyzes Translocations. To confirm that the decreased levels of CSR observed in activated Ku70 −/− and Lig4 −/− splenic B cells were associated with an end-joining defect, we assayed these cells for IgH-locus chromosomal breaks. For this pur- (Fig. 3A) (36) and found that, in contrast to WT HL B cells, a large percentage of activated Ku70 −/− HL, Lig4 −/− HL, or Ku70 −/− /Lig4 −/− HL B cells had IgH breaks (Fig. 3B and Table S2 ). As expected, these various C-NHEJ-deficient B cells also showed increased levels of general chromosome breaks and translocations, as revealed by a telomere FISH assay ( Fig. 3C and Table S2 ). In Xrcc4-deficient B cells, a large percentage of IgH locus breaks are translocated to general breaks (14, 28) . Likewise, we find that Ku70 HL, and Lig4-deficient cells versus WT HL B cells, we used PCR (37) to quantify the relative levels of translocations between the IgH Sμ region and the c-myc oncogene. We amplified and quantified both (Fig. 4A) (37) . In control WT HL and CD21CreLig4 c/+ B cells, the frequency of observed translocations was low (less than one translocation per million B cells analyzed), as previously reported (28, 37) . However, we detected a substantial increase in IgH-c-myc translocations in Ku70
−/− HL, and Lig4-deficient B cells relative to controls (Fig. 4 B and C and Table S3 ). Of note, the CD21CreLig4 c/+ control B cells did not have any detectable IgH-c-myc translocations (Fig. 4C) , suggesting that most translocations observed in Lig4 conditionally deleted cells are caused by the end-joining defect in the absence of Lig4.
To characterize further the end-joining mechanism used to promote translocations in the absence of Ku70 or the combined absence of Ku70 and Lig4, we sequenced 11 IgH-c-myc translocation junctions from Ku70 −/− HL B cells plus 6 IgH-c-myc translocation junctions from Ku70 −/− /Lig4 −/− HL B cells (Fig. S5) . None of the 17 junctions analyzed had evidence of joining by an HR mechanism: We did not detect long junctional homologies, which are the hallmark of HR repair (34) . Instead, similar to control WT HL IgH-c-myc junctions (Fig. S5) , we found that all Ku70 HL containing MH and the remainder having insertions (Fig. S5) . Thus, in activated B cells that lack Ku70 or both Ku70 and Lig4, an A-EJ pathway catalyzes increased levels of IgH chromosomal translocations to the c-myc oncogene. These findings firmly demonstrate that an A-EJ pathway that is completely independent of C-NHEJ can catalyze translocations.
Discussion
Studies of A-EJ in the context of CSR have provided major insights into the mechanism of chromosomal DNA repair by A-EJ. Little is known about the components of the A-EJ pathway that catalyzes chromosomal end-joining events. However, we recently have demonstrated that, in the absence of C-NHEJ, two forms of A-EJ catalyze the physiological process of CSR; these forms of A-EJ appear distinct based on differential reliance on Ku and different preferences for use of junctional MHs during CSR (19) . In our current studies, we show that A-EJ pathways in Ku70-, Ku70/Lig4-, Lig4-, and XRCC4-deficient cells can catalyze robustly the joining of AID-initiated breaks within a given IgH S region in B cells activated for CSR. However, because some Sregion repeats are long (49 bp in Sγ1), and the number of ISD junctions we obtained was limited, we cannot absolutely rule out a role for other pathways that employ longer homologies (34) in joining a fraction of ISD breaks. We also now definitively show that Ku70 and Lig4 are required for fully normal end-joining during CSR, as clearly evidenced by the increase of more than an order of magnitude in the number of unresolved IgH chromosomal breaks observed in activated Ku70-or Lig4-deficient B cells versus WT B cells (Fig. 3B and Table S2 ). Finally, we show that general and AID-initiated IgH breaks in Ku70-deficient, Lig4-deficient, and Ku70/Lig4-deficient B cells are frequently involved in chromosomal translocations, demonstrating that an A-EJ pathway that is independent of C-NHEJ can robustly catalyze translocations in the absence of C-NHEJ.
The finding of increased ISD but decreased CSR in the complete absence of C-NHEJ can be explained by several, not mutually exclusive, scenarios, each of which has potentially important implications for A-EJ. First, it is conceivable that A-EJ preferentially catalyzes ISD as compared with CSR because of the repetitiveness of S regions. Specifically, the repetitive nature of individual S regions might present more opportunities for the resected ends of a single DSB or the ends of two DSBs within a given S region to provide MH than found for two DSBs in different S regions. This possibility is supported by our finding that nearly all CSR joins from Ku70-, Lig4-and Ku70/Lig4-deficient cells were MH-mediated. In this regard, we note that although the CSR junctions in Lig4
−/− B cells do display substantial numbers of direct junctions, they still are markedly biased toward MH-mediated junctions (19) . If substrate sequences indeed influence the choice of repair pathway (e.g., by providing more MHs), A-EJ may play a substantial role in ISD in WT cells and also in CSR between S regions that have substantial homology (e.g., Sμ and Sα or Sε) (14, 38) .
A second potential mechanism by which A-EJ could be biased to ISD versus CSR is based on analogy to the model proposed to explain the finding that 53BP1-deficient B cells have decreased levels of CSR but increased levels of Sμ and Sγ1 ISD. Specifically, this finding was interpreted as indicating that 53BP1 may be required for long-range S-region synapsis and that short-range DSB joining is favored in the absence of this factor (32) . Correspondingly, increased ISD in core C-NHEJ-deficient B cells, coupled with their decreased CSR, might be interpreted as suggesting that A-EJ has decreased ability to perform long-range joining of DNA breaks during CSR as compared with C-NHEJ. Indeed, C-NHEJ has been shown to join DSBs on the same chromosome preferentially and thereby to suppress translocations (39) . Moreover, the DSB response involving factors such as ATM, 53BP1, and H2AX has been shown to be required for normal joining of DSBs via NHEJ (25, 36, 40) . In this regard, the DSB response also has been suggested as promoting long-range joining of intrachromosomal DSBs (41) . Thus, among other potential mechanisms, a preferential ability of C-NHEJ versus A-EJ to promote long-range joining of spatially separated DSBs on the same chromosome theoretically might be affected by C-NHEJ rather than A-EJ being recruited preferentially by the DNA double-strand break-response complex. A corollary of this model would be that A-EJ should not be as restricted to intrachromosomal joining as C-NHEJ and thereby would be more translocation prone. The dramatic increase in IgH translocations in Ku70-, Ku70/ Lig4-, or Lig4-deficient B cells, including the significant increase in Sμ translocations to the c-myc oncogene, underscores the ability of both the Ku-dependent and Ku-independent forms of A-EJ to mediate aberrant interchromosomal joining (25) . The notion that A-EJ might facilitate oncogenic translocations and tumorigenesis is supported by various studies in murine systems, which found evidence of MH in translocation junctions from tumors generated in the absence of C-NHEJ factors (e.g., 29, 42) . Moreover, studies in human cell lines derived from several types of cancers indicate that DSB repair processes other than C-NHEJ are used extensively, suggesting a potential role for A-EJ in promoting and supporting DNA repair in tumor cells (43, 44) . Mechanistically, an increased activity of A-EJ with respect to translocations would be consistent with the possibility that A-EJ is not so preferentially biased to joining DSBs within the same chromosome as C-NHEJ (see above). However, whether A-EJ truly catalyzes translocations more efficiently than does C-NHEJ remains to be directly demonstrated. Finally, we have shown previously that the A-EJ pathway that functions in the absence of both Ku70 and Lig4 to catalyze CSR, although biased for MHmediated junctions, can catalyze a substantial level of direct joins (19) . Our present finding that this pathway catalyzes high levels of translocations emphasizes that the absence of MH in translocation junctions does not exclude the possibility that they were catalyzed by A-EJ. Finally the relative roles of Ku-independent and Ku-dependent forms of A-EJ in catalyzing translocations remain to be determined. promoter. Lig4 deletion in mature B cells results in a CSR defect similar to that in the germline-deleted Lig4HL mice (Fig. S1) (14) .
Splenic B-Cell Purification and Culture. Mature B cells were isolated and enriched from the spleen and stimulated with αCD40/IL-4 to induce CSR to IgG1 and IgE as described (14) . Cytokine sources were αCD40 (Cat. # 16-0402-86; eBioscience) and IL-4 (Cat. # 14-8041; eBioscience). Hybridoma fusions were performed at day 4 of culture, and hybridomas were screened by ELISA after 1 week of selection.
Analysis of S-Region Internal Deletions. Genomic hybridoma DNA was assayed by Southern blotting with probes for Iμ, Cμ, Iγ1, and Sγ1 as described (11, 41) . To identify internal deletions in both Sμ and Sγ1, genomic DNA was digested with EcoRI. ISD junctions in primary cells were identified in some DNA sequences during isolation of CSR junctions (performed as described in ref. 14); therefore each ISD sequence also contains a CSR junction (Table S1 ). ISD junctions in B-cell hybridomas were obtained after PCR amplification with forward Iμ-(5′ tgtcaatcctgttcttagtcaatca3′) and reverse Sγ1-region (5′gtcgaattcccccatccctgtcacc-tata3′) primers. cDNA polymerase (Clontech) was used for amplification. PCR conditions were 1 min at 95°C 1; 30 sec at 95°C
; and 12 min at 68°C for 30 cycles.
Two-color IgH FISH and Telomere FISH. Metaphases were prepared from B cells stimulated in vitro with αCD40 plus IL-4 and processed as described (36) .
IgH-c-myc Translocations. PCR and Southern blotting analysis of cmyc-IgH translocations were performed as described (25) on 500ng genomic DNA from αCD40 plus IL-4-stimulated splenic B cells.
